Abstract-This paper proposes a new geometry-based channel model for shallow-water ocean environments, in which the ocean bottom can slope gently down/up. The need for developing such an underwater acoustic (UWA) channel model is driven by the fact that the standard assumption of a flat ocean bottom does not hold in many realistic scenarios. Starting from a geometrical model, we develop a stochastic channel model for wideband single-input single-output vehicle-to-vehicle UWA channels using the ray theory assuming smooth ocean surface and bottom. We investigate the effect of the ocean-bottom slope angle on the distribution of the channel envelope, instantaneous channel capacity, temporal autocorrelation function, frequency correlation function, Doppler power spectral density, and the power delay profile. Theoretical and simulation results show that even a relatively small slope angle influences considerably the statistical properties of UWA channels. The validation of the proposed UWA channel model has been performed by fitting its main characteristic quantities (average delay, delay spread, and coherence bandwidth) to measurement data. In comparison with the conventional UWA channel model, which has been developed on the assumption of a flat ocean bottom, it is shown that the proposed UWA channel model enables the modeling of measured channels with higher precision.
I. INTRODUCTION

I
N RECENT years, underwater acoustic (UWA) communication systems have received considerable attention. UWA networks have been studied in various areas due to their potential applications in oceanography that involve the exploration of the ocean [1] , support for underwater robots [2] , offshore oil industry exploration [3] , and pollution monitoring [4] , just to name a few examples. Owing to the fact that electromagnetic waves and laser beams suffer from high path loss in ocean water, acoustic signals are being used, especially, in medium-and long-range underwater communications. For the design, test, and performance analysis of UWA communication systems, realistic channel models are required. This calls for the statistical analysis of UWA channels in terms of the channel envelope distribution, instantaneous channel capacity, correlation functions, Doppler power spectral density (PSD), and power delay profile (PDP). UWA wave propagation in the ocean is described by the wave equation, but the development of a proper propagation model by solving the wave equation is well known to be a difficult problem [5] . To circumvent this problem, approximations by means of the ray theory are often used to model the acoustic wave propagation phenomena in ocean environments [6] . By invoking the ray theory, the energy of sound propagates in shallow-water environments along straight lines like light rays, where the speed of sound is assumed to be constant (isovelocity assumption) [5] , [7] , [8] .
Moreover, several stochastic channel models have been developed for UWA communication systems under the assumption that the ocean bottom is flat [5] , [9] - [13] . For example, in [5] and [9] , the total distances that macroeigenrays travel between the transmitter and the receiver have been computed by using the method of image projections, which has first been introduced in [6] . In both aforementioned papers, the reference channel models have been developed by combining the deterministic ray-tracing concept with statistical methods to account for the randomness of the propagation environment. However, the ocean bottom is not necessarily flat and most parts of the ocean bottom slope gradually from the shore to the high and deep ocean. This natural feature motivated us to develop a new geometrical model which we call the sloped-ocean-bottom (SOB) model. The objective of this paper is to start from the geometrical SOB model and to develop a general stochastic UWA channel model that accounts for SOB conditions. It is shown that the flatocean-bottom (FOB) model, which is widely used in the literature [5] , [9] - [13] , can be obtained as a special case of the proposed model if the slope angle is zero.
In this context, several studies have been conducted to investigate the probability density functions (PDFs) of the UWA channel gains and the corresponding instantaneous capacity [14] - [16] . The study of these statistical characteristics is of great importance as it allows us to gain a deeper insight into the dynamical and temporal behavior of UWA channels.
In this paper, we develop a geometry-based UWA channel model assuming ray propagation in shallow-water ocean environments by taking macro-scattering effects, which are caused by specular reflections at the surface and bottom of the ocean, into account. The randomness of the UWA channel as a result of micro-scattering (diffuse scattering) effects will not be discussed in this paper. Starting from the geometrical SOB model, we derive the time-variant channel impulse response (TVCIR) of the UWA channel model. Expressions are derived for the total distances that the macro-eigenrays travel from the transmitter to the receiver by assuming multiple-bounce scattering in shallow-water environments. We also study the angles-of-departure (AODs) and the anglesof-arrival (AOAs) of the macro-eigenrays. Furthermore, we investigate the effect of the ocean-bottom slope angle on the PDF of the UWA channel envelope and the PDF of the instantaneous channel capacity. Moreover, the statistical quantities of the proposed SOB-UWA channel model, such as the temporal autocorrelation function (ACF), frequency correlation function (FCF), Doppler PSD, and the PDP, are compared with those of the FOB-UWA channel model. The influence of the slope angle on the Doppler spread, average Doppler shift, coherence time, average delay, delay spread, and the coherence bandwidth of the UWA channel model are also studied. It is shown that the ocean-bottom slope angle considerably influences the statistical properties of UWA channels. The key theoretical results are illustrated by computer simulations.
In addition, the main statistical properties of the proposed UWA channel model, such as the FCF, average delay, delay spread, and the coherence bandwidth have been matched to real-world measurement data of UWA channels. The observed excellent agreement between model prediction and experimental measurement confirms the validity of the proposed SOB-UWA model. Moreover, the superiority of the SOB model over the FOB model is shown regarding the modelling of characteristic quantities (such as the delay spread and coherence bandwidth) of the measurement data, which are useful quantities for designing UWA communication systems, especially when orthogonal frequency division multiplexing (OFDM) techniques are used.
The rest of this paper is organized as follows. In Section II, the geometrical UWA channel model is presented. Section III studies the stochastic UWA channel model from the geometrical UWA model. Section IV focuses on the statistical properties of the proposed UWA channel model. The numerical results are illustrated in Section V. The validation of the main theoretical results through measurement data is outlined in Section VI. Finally, the conclusions are drawn in Section VII.
II. THE GEOMETRICAL SOB-UWA MODEL
In this section, we present a new geometrical model for a wideband single-input single-output (SISO) shallow-water ocean environment under the assumption that the ocean surface and ocean bottom are smooth. In addition, it is assumed that the ocean bottom declines (inclines) with a slope angle denoted by φ. The shallow-water ocean environment is considered as an isovelocity environment. This paper considers medium-and long-range shallow UWA communication links under line-ofsight (LOS) propagation conditions. The UWA channel is also assumed to be wide-sense stationary in time and frequency. Fig. 1 presents the geometrical model of a SOB-UWA channel in a shallow-water ocean environment. As can be seen, the two-dimensional geometrical SOB model is bounded by the ocean surface and bottom. These natural boundaries act as reflectors for acoustic waves such that several macroeigenrays can travel from the transmitter T x to the receiver R x . With reference to Fig. 1 , there are three kinds of macroeigenrays. They can be grouped into downward arriving (DA) macro-eigenrays, upward arriving (UA) macro-eigenrays, and a LOS macro-eigenray. Each of the DA macro-eigenrays for which the last reflection originates from the ocean surface can have a different number of s surface reflections andb bottom reflections. Let N S be the maximum number of surface interactions that a DA macro-eigenray can have with the ocean surface, then s andb are limited by 1 ≤ s ≤ N S and s − 1 ≤ b ≤ s, respectively. At any time instance t, the receiver R x receives 2N S DA macro-eigenrays. The UA macro-eigenrays for which the last reflection originates from the ocean bottom can have a different number of b bottom reflections and s surface reflections. Analogously, let N B denote the maximum number of bottom interactions that a UA macro-eigenray can have with the ocean bottom, then b ands are limited by 1 ≤ b ≤ N B and b − 1 ≤s ≤ b, respectively. Similarly, at the time instance t, the receiver R x receives 2N B UA macroeigenrays. For instance, if a UA macro-eigenray has only one interaction with the ocean bottom, i.e., N B = 1, then there are two possible paths which this macro-eigenray can travel from the transmitter T x to the receiver R x . The first path arrives at R x after a single bounce on the bottom of the ocean, i.e., b = 1, ands = 0. The second path is a double-bounce path if a UA macro-eigenray starts upward. This means the macroeigenray first interacts with the ocean surface and then, after interacting with the ocean bottom, arrives at R x , i.e., b = 1 ands = 1. It should be mentioned that experimental results obtained for medium-and long-range shallow UWA channels have shown that the number of macro-eigenrays arriving at R x rarely exceeds 8, i.e., 2N S + 2N B = 8 [5] , [9] , [17] , [18] .
The exact positions of the macro-scatterers are computable and depend on the waveguide geometry and the number of macro-eigenrays [6] . In [6] , the total distances which macro-eigenrays travel in FOB models after their interactions with macro-scatterers, located at the ocean surface and bottom, have been derived by using the method of images. Micro-scatterers, which can be clustered around the positions of macro-scatterers will not be considered in our paper. In other words, we limit our study to the propagation of deterministic macro-eigenrays by considering only the specular (mirror-like) reflections of the ocean surface and bottom.
Moreover, we assume that the transmitter T x and the receiver R x are moving with velocities v T and v R in the directions determined by the angles-of-motion (AOMs) α T v and α R v , respectively. As shown in Figs. 1 and 2 , the transmitter T x (receiver R x ) is located at the distances y T 1 (y R 1 ) and y T 2 (y R 2 ) from the ocean surface and ocean bottom, respectively. The distance along the x-axis between T x and R x is denoted by D. As can be seen in Fig. 2 In this section, we develop a mathematical model for the macro-eigenray propagation through shallow-water environments, where it is assumed that the ocean bottom slopes down or up. We first present the TVCIR of the proposed geometrybased channel model for a vehicle-to-vehicle (V2V) UWA wideband fading channel under LOS propagation conditions. Then, we drive the expressions of the total distances which macro-eigenrays travel from T x to R x after their interactions with the surface and bottom of the ocean. The AODs and the AOAs, which are required for computing the Doppler frequencies, are also studied. We show that the proposed UWA channel model includes the well-known model in [9] , where the ocean bottom is flat, as a special case.
A. TVCIR
According to the geometrical model shown in Fig. 2 , the TVCIR h(τ , t) can be split into three parts. The first part h LOS (τ , t) describes the LOS component, whereas the second part h DA (τ , t) and the third part h UA (τ , t) comprise the DA macro-eigenrays and the UA macro-eigenrays, respectively. Hence, the TVCIR h(τ , t) can be written as
The LOS part h LOS (τ , t) of the TVCIR is described by the expression
in which the gain c 0 is given by
The parameter c R is the Rice factor, and τ 0 denotes the propagation delay of the LOS component. The symbols f 0 and θ 0 represent the Doppler frequency and phase shift of the LOS component, respectively. The Doppler frequency f 0 in (2) is defined by
where f T max ( f R max ) denotes the maximum Doppler frequency associated with the transmitter T x (receiver R x ), which is given
denotes the speed of the transmitter (receiver), f c indicates the carrier frequency (in Hz), and c s is the speed of sound in water, which is assumed to be 1500 m/s (isovelocity environment). With reference to Fig. 2 , the AOD β 0 and the AOA α 0 of the LOS component can be computed by
and
respectively. The propagation delay τ 0 can be expressed by
where the total distance D 0 between T x and R x is given by
The functions A s (·) and A a (·) introduced in the gain c 0 [see (3) ] denote the propagation loss coefficients due to spherical spreading and absorbtion, respectively. We assume that the transmitter is equipped with an omnidirectional hydrophone, which generates spherical waveforms in the isovelocity environment. The propagation loss coefficient due to spherical spreading can be written as [19, 
eq. (2.16)]
where the variable d stands for the total propagation distance in meters. The absorption loss coefficient A a (·) is given by [9, eq. (4)]
In (10), which is suitable for carrier frequencies between 3 and 500 kHz, the parameter β (in dB/km) is computed as follows [6, eq. (1.3.1)]
where A = 2.34 × 10 −6 and B = 3.38 × 10 −6 . The symbol S a denotes the salinity (in parts per thousand), f c is the carrier frequency (in kHz), f T is the relaxation frequency (in kHz) determined by f T = 21.9 × 10 6−(1520/(T+273)) , and the quantity T denotes the water temperature (in • C). The symbol P stands for the hydrostatic pressure (in kg/cm 2 ), which is determined by P = 1.01 × (1 + 0.1h), where h denotes the water depth (in m).
The second part h DA (τ , t) and the third part
respectively. The gains c DA sb and c UA bs are expressed by
respectively. The propagation delays τ DA sb and τ UA bs are determined by τ DA
and D UA bs denote the total distances which the DA and UA macro-eigenrays travel form T x to R x given (s,b) and (s, b) surface-bottom interactions, respectively. It is shown in the Appendix that the total distances D DA sb and D UA bs can be computed by using the method of images which results in (16) and (17), respectively, shown at the bottom of this page. The functions (16) ((17)) are presented in the Appendix.
The symbols η S in (14) and η B in (15) are used to balance the contribution of the DA and UA macro-eigenrays to the total power of the UWA channel model, respectively, such that η S + η B = 1. The phase shifts θ DA sb in (12) and θ UA bs in (13) are modelled by independent and identically distributed (i.i.d.) random variables, which are supposed to be uniformly distributed over the interval (−π, π].
The function A b (·) in (14) and (15) denotes the reflection coefficient due to the impedance mismatch between the ocean water and the ocean bed. It should be mentioned that the impedance mismatch between the ocean water and air causes the sea surface to be a very good reflector. If the sea surface is smooth, the reflection coefficient has a magnitude that is close to one but the phase shift is π radians, i.e., the reflection coefficient is close to −1 [5] , [6] , [20] . In the area of underwater acoustic channel modeling, the ocean bed is definitely the most complex boundary, exhibiting vastly different reflectivity characteristics in different geographical locations [21] , [22] . The impedance mismatch between the ocean water and ocean bed causes the ocean bed to reflect some parts of an incident wave. For a smooth ocean bed, the reflection coefficient A b (·) is given by [6, eq. (3.1.12)]
where ρ s (ρ b ) and c s (c b ) stand for the density of the ocean water (ocean bed) and the speed of sound in the ocean water (ocean bed), respectively. The symbol ϕ in (18) denotes the angle-of-incidence (AOI) of the macro-eigenrays of the specular reflections at the ocean bottom. β UA bs can be obtained as
B. Derivation of the AOD and AOA
respectively. Similarly, the general-form expressions for the AOAs α DA sb and α UA bs can be written as
and 
respectively. The proof of the expression in (23) is presented in the Appendix.
C. FOB Case
In this section, we will show that the proposed geometrybased SOB-UWA channel model includes the FOB-UWA model as a special case if φ = 0. Recall that the FOB model has been widely used in the literature on UWA channel modelling [5] , [9] - [13] . From now on, we underline the symbols, which are specific for the FOB model. The TVCIR h(τ , t) in (1) will be written as
where the first part h LOS (τ , t) is the same as in (2), whereas the second part h DA (τ , t) and the third part h UA (τ , t) of h(τ , t) are given by
bs ) (27) respectively. The gains c DA sb and c UA bs can be expressed by
The propagation delays τ DA sb in (26) and τ UA bs in (27) can be computed by τ DA (19) and (20) reduce to
respectively. The corresponding AOAs α DA sb and α UA bs are given by
respectively. By means of (30) and (31), the AOIs ϕ DA sb and ϕ UA bs can be determined as
respectively. Note that the special solutions in (36) and (37) are identical with the known results in [9, eqs. (11) and (12)].
IV. STATISTICAL PROPERTIES OF THE SOB-UWA CHANNEL MODEL
In this section, we study the statistical properties of the developed SOB-UWA channel model including the distribution of the channel envelope, instantaneous channel capacity, temporal ACF, FCF, Doppler PSD, and PDP.
A. Distribution of the Channel Envelope
Starting from the TVCIR h(τ , t), we can obtain the time-variant channel transfer function (TVCTF) H ( f , t) by computing the Fourier transform of the TVCIR h(τ , t) with respect to the propagation delay τ . From (1), (2), (12) , and (13), it follows that the TVCTF H ( f , t) can be written as
where the function H LOS ( f , t) represents the LOS part of the TVCTF H ( f , t), which is given by
The second part H DA ( f , t) and third part H UA ( f , t) of the TVCTF H ( f , t) can be represented as
respectively. Using the results presented in [23] regarding the statistics of the envelope of sum-of-cisoids (SOC)-based multipath fading channel models, the PDF p |H | (z) of the channel envelope H ( f , t) can be written as
where
B. Distribution of the Instantaneous Channel Capacity
According to E. Telatar [24] and G. E. Shannon [25] , the channel capacity C( f , t) can be written as
where f is a tone frequency within the bandwidth of the transmit signal. In (43), S( f ) is the PSD of the transmit signal and N( f ) represents the PSD of the total underwater coloured noise component, which is given by
, and N th ( f ) are the noise PSDs resulting from the turbulence, shipping, waves, and thermal noise, respectively [26] . It should be pointed out that the noise in underwater propagation environments is strongly frequency dependent. This characteristic is usually taken into account for the selection of appropriate frequency bands for UWA communications. From (43), the instantaneous channel capacity C(t) can be obtained by integrating over the frequency variable f within the transmit bandwidth B, i.e.,
The PDF p C (r ) of the instantaneous channel capacity C(t) can be directly obtained from the PDF p |H | (z) of the channel envelope |H ( f , t)| in (42) by applying the concept of transformation of random variables [27, p. 130] , which results in
where γ is the average signal-to-noise ratio (SNR) viewed at the receive-hydrophone side.
C. Temporal ACF, FCF, Doppler PSD, and PDP
In the following, we study the temporal ACF, FCF, Doppler PSD, and the PDP of the proposed UWA channel model. The knowledge of the TVCTF H ( f , t) enables us to compute the time-frequency correlation function (TFCF) of the channel. Assuming that the geometry-based SOB-UWA channel model is wide-sense stationary in time t and frequency f , we can compute the TFCF r H H (ν , τ ) of the TVCTF H ( f , t) by using
where ( 
(51) and
whereṙ H H (τ ) andr H H (τ ) are the first and second time derivative of the temporal ACF r H H (τ ) with respect to the variable τ . The coherence time T C of the channel is approximately the reciprocal of the Doppler spread B (2) H H , i.e., T C ≈ 1/B (2) H H . Analogously, the PDP S τ (τ ) enables us to compute the average delay B (1) τ , the delay spread B (2) τ , and the coherence bandwidth B C of the channel. These characteristic quantities can be expressed in closed form by means of the FCF. The average delay B (1) τ and the delay spread B (2) τ are defined by the first moment and the square root of the second central moment of the PDP S τ (τ ), respectively, i.e., [28, eqs. (7.39)-(7.40)]
τ .
V. NUMERICAL RESULTS
In this section, we illustrate the theoretical results presented in the previous sections. One of our main objectives is to show how much the slope angle φ influences the statistical properties Moreover, this figure shows that the average and the spread of the UWA channel model envelope distribution decrease if φ decreases. Fig. 6 illustrates the effect of the slope angle φ on the PDF p C (r ) of the instantaneous capacity of the UWA channel model for an average SNR γ set to 17 dB. In fact, a relatively small decrease of φ results in a considerable decrease of both the average and the spread of the instantaneous capacity of the UWA channel model. Figs. 9 and 10 , we can conclude that the path gains are influenced by the slope angle φ, and that its effect is also noticeable in the range of the Doppler frequencies. It is obvious that the slope angle φ remarkably affects the AOAs and consequently the Doppler frequencies.
Figs. 11 and 12 show the PDP S τ (τ ) of the UWA channel model for the FOB and SOB cases, respectively. Based on the results depicted in Figs. 11 and 12 , the time range in the propagation delay axis is extended by decreasing the value of φ from +3 to −3. The only reason for the extension is the effect of the slope angle φ on increasing the total distance which each macro-eigenray travels from the transmitter to the receiver. The effect of the slope angle φ on the average Doppler shift B (1) H H , Doppler spread B (2) H H , and the coherence time T C of the UWA channel model is shown in Fig. 13 . According to the results, one can conclude that the slope angle φ does have a considerable impact on the average Doppler shift and Doppler spread of the UWA channel model. Moreover, the coherence time T C of the UWA channel model is almost quadrupled by increasing φ from −3 • to 3 • . Fig. 14 shows the influence of the slope angle φ on the average delay B (1) τ , delay spread B (2) τ , and the coherence bandwidth B C of the UWA channel model. It can be seen from this figure how the aforementioned characteristic functions of the UWA channel model vary w.r.t. the slope angle φ. decreases from 25 ms to 3 ms, and also there is a noticeable fall in the delay spread B (2) τ of the UWA channel model from 22 ms to 3 ms. The coherence bandwidth B C experiences a remarkable rise from 45 Hz to 335 Hz by increasing φ. For ease of reference, some parameters presented in Section III and associated values used for the computer simulations are defined in Table I .
According to the simulation results, a gradual slope in the ocean bottom changes the statistical properties of the UWA channel, thus, this parameter plays a key role in the modelling of UWA channels. Notice that the proposed UWA channel model has been studied by only considering the deterministic macro-eigenrays.
VI. COMPARISON WITH MEASUREMENT DATA
In this section, the main theoretical results presented in Sections III and IV are verified by measurement data, which was first presented in [29] . The comparison is assessed in terms of the FCF r H H (ν ), average delay B (1) τ , delay spread B Fig. 15 demonstrates the measurement scenario of the underwater propagation scenario. The speed of sound in that shallow water environment was about 1440 m/s and the weather was rainy and windy. The channel measurements were performed at a carrier frequency of 17 kHz and a signal bandwidth of 4 kHz. More details regarding the communication system, what was sent and received, and the type of equipment (transducer and hydrophone) can be found in [30] .
We start from the measured TVCIRȟ(τ , t) which has been obtained by M = 20 samples in the time domain over a time range of T mes = 8 s. Hence, the sampling interval t in the time domain is t = T mes /M = 0.4 s. In the delay domain, the measurement equipment allows a path resolution of τ = 0.125 ms. The number of samples in the delay domain was equal to L = 90. In other words, the TVCIRȟ(τ , t) has been measured at discrete time instances 
The discrete PDPŠ (τ ) in (53) and (54), respectively, by the discrete PDPŠ τ [τ l ].
As mentioned in Section IV-C, the coherence bandwidthB c of the measured channel can be obtained from the channel delay spreadB (2) τ , which is determined byB C ≈ 1/B (2) τ . The Rice factor c R of the measured TVCIRȟ[τ l , t m ] is obtained by using the moment method presented in [31] .
In our simulation setup, we have considered nine macro-eigenrays including one LOS macro-eigenray, four DA macro-eigenrays, and four UA macro-eigenrays by assuming N S = N B = 2. Other model parameters based on the measurement scenario are defined in the forth column of Table I . Fig. 16 illustrates the PDPŠ τ [τ l ] of the measured UWA channel and that of the simulation model. Note that in case of the simulation model seen in Fig. 16 , four macro-eigenrays which reach the receiver with delays of more than 10 ms, correspond to triple-and quadruple-bounced macro-eigenrays on the surface and bottom of the ocean. Such delayed macroeigenrays are unobserved in the measurement data. Therefore, in our simulation model, we should consider only macroeigenrays with single and double bounces on the surface and bottom of the ocean (i.e., N S = N B = 1). With reference to Fig. 16 , the number of macro-eigenrays captured from the measured UWA channel for single-and double-bounced macro-eigenrays is higher than those for the simulation model. Therefore, matching the PDP of the simulation model to that of the measured UWA channel is meaningless. For comparison purposes, we choose other statistical properties of the UWA channel, such as the FCF, average delay, delay spread, and the coherence bandwidth. Our proposed channel model has the ocean slope angle φ as an extra degree of freedom compared with the FOB model. This feature can help us to achieve a better fitting between our proposed UWA channel model and the measurement data w.r.t. the statistical properties of the UWA channel. To find the optimum value of the ocean slope angle φ, we consider the error function
whereB
τ ) denote the average delay and the delay spread of the deterministic simulation , and θ UA bs . The parameters w 1 and w 2 are weighting factors for the normalization which have been set to 0.5, i.e., w 1 = w 2 = 0.5. The values of other channel model parameters are listed in the fourth column of Table I . We have also considered another error function to optimize the parameter φ for the coherence bandwidth B C , which is given by Table II provides a comparison between the proposed channel model and the real-world UWA channel in terms of the average delay, delay spread, and the coherence bandwidth. With reference to Table II, a good agreement has been achieved between the simulation model (if φ = −0.2 • ) and the measured UWA channel w.r.t. the aforementioned characteristic quantities. As our available measurement data was obtained in a mild SOB environment, where the slope angle φ was low, the obtained characteristic quantities associated with the SOB model (with φ = −0.2 • ) are close to those of the FOB model (with φ = 0 • ). The superiority of the SOB case over the FOB case is more distinguishable under harsh SOB ocean conditions as discussed in Section V. Fig. 19 illustrates the FCF of the measured UWA channel in comparison with those of the simulation model for the FOB case and the SOB case by assuming φ = −0.2 • . The values of the remaining channel model parameters are defined in the fourth column of Table I . As can be seen from Fig. 19 , three curves are similar to each other in terms of the curvature at the origin and trend. However, the SOB case demonstrates a better performance in approximating the FCF of the measurement data. It should be mentioned that the superiority of the SOB model (over the FOB model) in approximating the FCF of the measurement data should be even more evident for ocean environments with considerable
slope angles. To obtain a better fitting, we can consider clusters of micro-scatterers around macro-scatterers which results in having different eigenrays like the PDP of the measured UWA channel shown in Fig. 16 . In other words, to make the proposed channel model more realistic, it should be developed by taking micro-scattering effects into account.
VII. CONCLUSION
In this paper, a new geometry-based UWA channel model has been developed under the assumption that the ocean surface and bottom are smooth and also that the ocean bottom slopes gently up/down. We have studied the waveguide model in the general form by considering the SOB case. The influence of the ocean-bottom slope angle on the statistical properties of the UWA channel model has been studied. The validity of the main analytical results is confirmed by measurement data. It has been shown that the slope angle has a considerable impact on the quantities of the UWA channel and has to be considered in the area of UWA channel modelling.
APPENDIX
This appendix presents the proofs of (16) and (23) . For brevity, we only focus on the double-bounce scattering scenario shown in Fig. 20 , in which the DA macro-eigenray arrives at the transmitter R x after a single bounce on the bottom followed by a single bounce on the surface of the ocean, i.e, N S = 1, s = 1, andb = 1. According to Fig. 20 , the transmitter T x and the receiver R x are located at the points T and R, respectively. As can be seen, the reflected macro-eigenray may be considered as emitted from the image source T x located at the point T obtained by the specular reflection of the source T x at the ocean bottom. In Fig. 20 , we also observe the image source T x at the point T , which is obtained by the specular reflection of the image source T x at the ocean surface. The total distance that the DA macroeigenray travels from T x to R x is thus equal to the side length T R, which can be computed from the side lengths R I and T I by cos(φ).
